It is considered in this work that the dislocations that form upon attainment of the critical thickness in lattice-mismatched wide-gap II-WGaAs heterostructures can act as laser light scatterers. Experimentally, a near-normal-incidence HeNe laser probe has been employed during epitaxial growth, which generates both a specularly reflected laser light signal as well as a nonspecularly reflected, or scattered, light signal for epilayer thicknesses beyond the critical thickness. It has been determined that the scattered light originates within the bulk of the II-VI epilayer, as opposed to the free surface, based on observation of a r-phase shift between the specular and nonspecular reflections which were monitored simultaneously. A strong correlation has also been observed between the dislocation density as determined postgrowth by transmission electron microscopy analysis of ZliSe/GaAs heterostructures and the optical data (scattered light intensity) recorded in situ during the growth of such heterostructures as a function of epilayer thickness. Theoretically the refractive index perturbations necessary for such scattering have been considered to be the result of strong microelectric fields which surround the dislocations evolving during plastic deformation. Specifically, the field distribution around a dislocation is considered with regard to three different potentials, namely, the deformation potential, the charged dislocation potential, and the piezoelectric potential. The magnitudes of these fields are considered with reference to ZnSe and subsequently the electro-optic effect is evoked in order to argue that a refractive index perturbation (approximately 10-5-10-4) sufficient in magnitude to scatter light could result in the ZnSe/GaAs system as a consequence of such fields. 0 I995 American Institute of Physics.
I. INTRODUCTION
Following breakthroughs in the ZnSe P-type doping areal emphasis has shifted recently in the wide-band-gap II-VI semiconductor research field toward the provision of lattice-matched wide-gap II-VI/GaAs epitaxial structures for blue/green diode laser application.3 Although the first blue/ green diode lasers represented a considerable achievement,475 the structures employed in the fabrication of these devices were not completely lattice matched and, consequently, devices exhibited short lifetimes even at reduced temperatures.
It is generally accepted that perfect lattice matching between wide-gap II-VI epitaxial materials and GaAs substrates will be a primary requirement with regard to the development of long-lived (at room temperature) ZnSe-based blue/green diode lasers. At present, however, timeconsuming ex situ characterization techniques such as highresolution x-ray diffraction and transmission electron microscopy are applied to determine the extent of lattice matching in wide-gap II-WGaAs heterostructures.
In this article we show that dislocation evolution occurring in a slightly lattice-mismatched ZnSe/GaAs heterostructure beyond critical thickness can, in fact, be monitored in situ using an optical probing technique. Such analysis, in addition to obviating the need to perform ex situ structural characterization, permits the real-time monitoring of dislocation evolution during epitaxial growth which can lead to a more fundamental understanding of the plastic deformation process itself.
')Electronic mail: RPARK@MSE.UF!XDU Real-time in situ monitoring techniques, in general, represent very powerful capabilities with regard to process diagnosis and control. For example, with respect to molecularbeam epitaxy (MB@, reflection high-energy electron diffraction (RHEED) is employed on a routine basis to determine surface reconstruction and to assess the quality of substrate surfaces and subsequent epilayers. Recently, however, optical techniques have become increasing popular due to their noninvasive nature and their ability to provide information on properties other than crystal structure. Ellipsome&y, for instance, has far reaching capabilities that include real-time, in situ monitoring and control of alloy composition, growth rate, and substrate temperature during MBE deposition.6-8 Also, real-time, in situ monitoring of the freecarrier concentration in doped ZnSe films by quantitative cathodoluminescence analysis has been reported.g In addition, Lavoie et al." and Rouleau and Park'l have reported real-time, in situ monitoring of the GaAs oxide desorption process prior to epitaxial growth by measuring the intensity of laser light scattering at the GaAs surface, Rouleau and Park" having shown a low-temperature H atom treatment to be superior by such measure to conventional in situ thermal cleaning of GaAs. Also along these lines, Pidduck et al.'2*'3 and Robbins, Cullis, and Pidduck'" have performed-similar elastic laser light scattering measurements during Si MBE and SiGe/Si heteroepitaxy, respectively, and have concluded that changes in the surface morphology occurring during layer processing can conveniently be monitored and characterized by such means.
The purpose of the present article is twofold. First, we report our efforts to develop an in situ probing technique that can be applied during epitaxial growth which is capable of monitoring the evolution of dislocations occurring in latticemismatched wide-gap II-VVGaAs heterostructures as a function of epilayer thickness. Second, we present the results of our theoretical work which involved calculating microelectric field strengths associated with dislocations in ZnSe. The theory suggests that such defects could effectively scatter light by providing sufficiently large refractive index perturbations local to the defective areas. A strong correlation was found experimentally, in fact, between the density of dislocations evolving beyond the ZnSe/GaAs epilayer critical thickness and the intensity of scattered radiation measured in situ and in real time using our laser probe.
II. EXPERIMENT
The experiments were carried out in a custom-designed MBE system equipped with conventional effusion cells for Zn and Se and a RHEED system for assessing substrate surface quality and subsequent epilayer quality, In addition to these conventional components, the MBE chamber was also configured for this work with a laser probe apparatus as illustrated in Fig. 1 ,
The apparatus consisted of a 1 mW HeNe laser (X =632.8 mnj mounted outside the MBE growth chamber, the laser beam being directed through a viewport toward the substrate which was mounted on a heated MO substrate holder. The detector/amplifier stage of the apparatus consisted of a charge-coupled device (CCD) camera and a video monitor. The camera was mounted outside the system on its own viewport, its optical axis lying 10" away from the optical axis of the incident laser beam, the laser beam having nearnormal incidence. The camera was focused on the substrate surface and the visible spot arising from nonspecularly reflected, or scattered, laser light due to defect evolution was dispIayed on the video monitor. The intensity of the scattered laser light was quantified by attaching a Si photodiode to the monitor's cathode-ray tube (CRT) over the image of the spot and the output voltage from its respective bias network was recorded as a function of time. The specularly reflected beam was utilized in this experiment to monitor film thickness by employing laser reflection interferometry (LRI)," which invoIves characterization of the Fabry-Perot intensity oscillations exhibited by the signal. It should be noted that the intensities of both the scattered laser light and the specularly reflected laser light were recorded simultaneously so that signal phasing could be compared.
Due to the unorthodox nature of the detection system employed in quantifying the intensity of scattered light, it was important to characterize the transfer function of the CCD camera-based detection system and the apparatus illustrated schematically in Fig. 2 was employed to perform this task. A tungsten lamp, lens, diffuser, and laser line filter combination was used to simulate a 632.8 nm input signal whose intensity could be varied over a wide dynamic range. To quantify the intensity of light entering the camera system from the simulated source, a beam splitter was placed in front of the camera lens to direct a portion of the input light toward a photodiode. The output voltage from the bias net-Input Intensity (arb. units) FIG. 3 . Camera-based detection system transfer function recorded at 632.8 nm.
work associated with this photodiode was then proportional to the light intensity directed into the camera system. The system transfer function was deduced by comparing the output voltage from the other bias network with the input voltage, both intensities being recorded simultaneously on an XY recorder as indicated in the figure.
As illustrated in Fig. 3 , the detection system exhibited a threshold beyond which a linear regime was observed. As the input intensity increased, the system responded in an increasingly nonlinear fashion as indicated in the figure. This was most likely due to the automatic gain control circuitry in both the CCD camera and the monitor. For further increases in input intensity, the system response was clamped, presumably in response to the saturation of the CCD array. Using this information, attempts were made throughout the experiments to keep the detection system in a regime where clamping did not occur. The system was, however, allowed to operate in the linear/nonlinear regimes so that a reasonable degree of dynamic range could be achieved.
III. EXPERIMENTAL RESULTS AND DISCUSSION
As indicated in Fig. 5 , the laser beam impinges on the sample at near-normal incidence and a portion of the beam is transmitted into the epilayer and proceeds toward the heterointerface. We consider that in addition to specular reflection off the heterointerface, a small portion of the beam is scattered into other (nonspecularj angles due to the presence of A. In situ analysis As illustrated in Fig. 4 , laser light scattering was detected by the camera system following the deposition of some 300-400 run of ZnSe on GaAs with increasingly intense scattering being detected with increasing film thickness having an oscillatory form as shown in the figure. Upon growth initiation no scattering is observed either visually or by the camera system. However, weak laser light scattering is observed visually at ZnSe thicknesses in the range 150-200 nm, at intensity levels below the detection threshold of our present apparatus. It should be noted that in order not to observe scattering upon growth initiation, it is imperative that the GaAs surface be specular following oxide removal." It should also be noted that the flat line response below about 400 nm film thickness associated with the scattered light signal intensity is essentially a recording of the threshold condition for our detection system. Only when the threshold is exceeded do the data begin to appear as an appropriately noisy signal, the noise being due to pixel flicker from-the CRT. Also, although they are plotted on the same figure (Fig.  4) , the specularly reflected and the nonspecularly reflected (or scattered) signals have very different absolute intensities. The scattered light signal is estimated to be about three orders of magnitude smaller in intensity than the specular reflection signal. The growth was terminated at an epilayer thickness around 0.84 pm to avoid saturating the detection system. A striking feature of Fig. 4 is the rr-phase difference between the scattered signal and the LRI signal which, using ray tracing, can be explained by considering scattering from within the bulk of the film (in our case most likely near the heterointerface) as opposed to scattering from the free surface. To explain further, we have developed the qualitative model illustrated in Fig. 5 . dislocations which evolve beyond the epilayer's critical thickness. For simplicity, we consider only that angle which points in the direction of our detector as indicated in the figure. The scattered beam traverses the epilayer and in addition to transmission through the free surface, a portion of the beam is redirected back toward the heterointerface by reflection off the free surface. Since the index step from epilayer to vacuum is negative, no phase shift is introduced upon reflection. The retIected portion of the beam again traverses the epilayer, reflects off the heterointerface, and then makes a final pass through the epilayer to emerge on the vacuum side of the free surface. At this point, a rrf26phase shift has been introduced, rr resulting from prior reflection off the heterointerface and 2S resulting from traversing the epilayer twice. The phase difference As, (SL standing for scattered light) between the newly emergent beam and the original portion of the scattered beam is then 2S+7r which is necessarily a function of the wavelength of the laser h, the refractive index of the epilayer n, the thickness of the epilayer z, and the angle of transmittance within the epilayer 8. In a similar manner, it can be easily shown that A.,,=2S since IJLar~& due to the small angles involved. Finally, A,,-A,,=rr and hence the n-phase difference between the SL signal and the LRI signal as observed in Fig. 4 . It is interesting to compare OUT results with those of Olson and Kibbler" who employed a similar technique to monitor scattering from GaP during metal-organic chemical-vapor deposition of GaP on Si. The GaP/Si system is similar to the ZnSe/GaAs system with respect to lattice mismatch (0.36%) and refractive index steps (at 632.8 mu). Comparing both sets of data; it is apparent that the GaP/Si data resemble our LRI data (see Fig. 4 ) which we would contend places the source of the scattering in the GaP/Si case outside the epilayer or, more appropriately, at the free surface. Olson and Kibbler do indeed attribute their scattered light signal to surface scattering and it is quite trivial using the arguments presented above to show that a r-phase difference between the scattered light signal and the LRI signal would not be expected for such a case. Consequently, our results clearly differ from previously published results that have concerned surface scattering: In our case the r-phase shift discussed above indicates scattering within the bulk rather than at the free surface.
It should be noted that the data presented in Fig. 4 were obtained by using either a polarized (100: 1) laser source, or a randomly polarized laser source: in either case the observed phasing of the signals was identical. We have also calculated that there shouId be less than a 0.3% difference between the power reflection coefficients for the s and p polarizations given the near-normal-incidence arrangement of our system over the .film thickness range examined. In addition, the phasing of the s and p components should be essentially identical under these conditions.
A second interesting aspect of the data shown in Fig. 4 is that the intensity of the scattered radiation increases with increasing ZnSe film thickness beyond the detectable onset of scattering and then appears to level off as the film thickness exceeds a value of around 0.8 ,um. We believe, as discussed below, that such a trend in the scattered light intensity data is expected and can be explained in terms of the tilm thickness dependence of strain relaxation associated with the plastic deformation process.
B. Ex situ analysis
A number of ZnSe/GaAs samples having epilayer thicknesses in the range 300-840 nm were analyzed ex situ using transmission electron microscopy (TEM) techniques with a view to correlating the scattered light intensity data shown in Fig. 4 with the density of structural defects occurring in the heterostructures.
Beyond critical thickness, two types of misfit dislocations are observed in ZnSe/GaAs heterostmctures, namely "zigzag" misfits and regular 60" misfits both of which are planar defects. In addition, threading dislocations are observed that propagate up into the epilayer. Zigzag misfits are misfits that alternately switch their line directions between the two perpendicular (011) directions lying in the (100) plane.16 In this work, dislocation densities were quantified as a function of epilayer thickness by preparing both crosssectional and plan-view TEM specimens for each sample in our thickness series. Traditional ion milling was used to prepare cross-sectional specimens while plane-view specimens were prepared using a bromine/methanol etching technique and samples were analyzed using a JEOL 4OOOFX TEM operated at 400 keV.
Our defect density data are summarized in Fig. 6 . As can be seen from the figure, three sets of data are displayed and these data sets were derived as follows: First, the mean spacing between the regular array of dislocations was measured in each plan-view sample which relates to the density of 60" misfits lying in each of the heterointerfaces; second, the irregular dislocations were counted in each of the plan-view samples which provided the combined density of-zigzag and threading dislocations; third, in order to separate threading dislocations from zigzag misfits, threading dislocations were counted using the cross-sectional TEM samples. Threading dislocation densities were obtained for each sample by counting the number of dislocations appearing in a particular volume of ZnSe above the heterointerface. The threading dislocations were all assumed to lie on the (111) plane and their projected length was calculated giving rise to units of cm/cm3. Finally, the thickness of each cross-sectional sample was estimated using thickness fringe analysis. The defect density data shown in Fig. 6 graphically illustrate the strain relaxation process that occurs in ZnSe/ GaAs heterostructnres. As can be seen from the figure, the dislocation densities (both threading and misfit) increase with increasing film thickness over our measurement range and appear to be leveling off at film thicknesses approaching 0.8 pm. Beyond this film thickness there is no significant increase in dislocation density implying that strain relaxation is essentially complete. Comparing these with the scattered light intensity data of Fig. 3 it appears that there is a strong correlation between structural defect densities and the intensity of scattered light measured in situ as a function of ZnSe film thickness.
In the following section we consider the potential for dislocations to act as light scatterers by examining the microelectric fields associated with such structural defects.
IV. THEORETICAL ANALYSIS
A general trend that has been observed is that the bandedge absorption in a semiconductor is shifted to lower energies upon plastic deformation of the crystal, the magnitude of the energy shift being dependent upon the extent of the deformation.17 An interesting explanation that has been proposed to account for the absorption-edge shifting phenomenon concerns the presence of strong electric fields around the resultant dislocations.17 It has been argued, in fact, that the similitude of the absorption behavior in strong electric fields (Franz-Keldysh effect) and following plastic deformation is striking.'7 Also, arguments have been made which suggest that in order to present a unified theory of exponential absorption edges in both ionic and covalent materials, electric microfields must be considered.18 Based on the aforementioned evidence we have considered the possibility that electric microfields associated with the dislocations that arise in our case due to lattice-mismatch strain relief are responsible for the observed laser light scattering in the vicinity of the ZnSe/GaAs heterointerface. The following discussion pertains to consideration of electric microfields. The field distribution around a dislocation is first considered with regard to three different potentials, namely, the deformation potential, the charged dislocation potential, and the piezoelectric potential. Second, we consider the magnitudes of these fields and subsequently evoke the electro-optic effect in order to argue that a refractive index perturbation sufficient to scatter light could result in our material system as a consequence of electric microfields..
A. Deformation potential
and where r and 0 are cylindrical coordinates, Z is the number of valence electrons (2=4 on average), e is the charge on an electron, N is the number density of atoms, 6, is the edge component of the Burgers vector, Y is Poisson's ratio, X, is a screening length, ~0 is the permittivity of free space, eL is the dielectric constant, R is the radius around the core of the central ion where its pseudopotential is taken as zero (for R = 0 in practice the approximation above follows), and Jt(x) is the first-order Bessel function of the first kind. The magnitude of Eq. (1) is plotted above the x-y plane as shown in Fig. 7 for values of x ranging from -1 to + 1 and values of y ranging from -1 to +l, where (r/XG)*=,'+y2 and i3=tan-'(y/x). As a result of the strain field surrounding the 'core of a The scalar coefficient in Eq.
(1) was found to be -600 dislocation line, strong local distortions of the crystal potenkVlcm for ZnSe, this value being derived by considering the tial occur in the vicinity of the dislocation's core. Farvacque parameters presented in Table I . B. Charged dislocation potential A potential can be developed due to the presence of dangling or unsatisfied bonds in the core of a dislocation. Specifically, if a bond is considered to be occupied by one ground-state electron, it can either accept another electron or it can donate the ground-state electron to the crystal. This process can result in a net negative or positive line charge depending upon the degree to which the dislocation donates or accepts electrons. Schroterz' first modeled the electric field resulting from charged carriers trapped on a dislocation line and, later, Vignaud and Farvacque17 presented a refined form of the model as shown by &d(r) = ef 2moeLbXG where f is the dislocation states occupancy ratio, b is the Burgers vector, and K,(x) is the first-order modified Bessel function of the second kind. Again, Eq. (2) is plotted above the x-y plane as shown in Fig. 8 for values of x and y ranging as before.
As before, the scalar component of Eq. (2) is found to equal -120 kV/cm for ZnSe, this value being derived from the parameter values shown in Table II 4.01x lo-'0 (ideal 60" dislocation) C. Piezoelectric potential
In noncentrosymmetric compounds such as materials having the zinc-blende crystal structure,"' the long-range strain fields associated with dislocations in this class of compounds induces an electric polarity within the crystalline lattice via the piezoelectric effect. The expression of the Fourier transform of the total piezopotential was first calculated by Vignaud and Farvacque= and later, the expression was refined by the same authors" which allowed the piezoelectric field to be expressed in real space as shown by Finally, the scalar coefficient in Eq. (3) was found to be -60 kV/cm for ZnSe, this value being derived with ei4 assumed to be -0.1 C/m".2o
In summary, the magnitudes of the electric microfields near the core of a dislocation are large, on the order of lo-300 kV/cm when evaluated at r= lo and 8=90", these vaiues increasing with increasing proximity to the core (see , and of the three fields the deformation electric field is largest in magnitude and extent which may make the deformation potential largely responsible for the observed scattering. It is interesting to note that Moriyaz4 has theoretically predicted and experimentally confirmed that scattering by dislocations in sapphire crystals could be sufficiently explained by considering the changes in 
V. CONCLUSIONS
We conclude that the in. situ optical probe described here is capable of monitoring strain relaxation in real time in lattice-mismatched heteroepitaxial systems such as %nSel GaAs. We also conclude, on account of our theoretical analysis, that the refractive index perturbations required to produce the observed light scattering could adequately be a consequence of microelectric fields present around the dislocations. Finally, we conclude that should perfectly latticematched structures be grown, the laser light scattering reported here would not be observed which could have important consequences for the provision of lattice-matched structures for wide-gap II-VVGaAs diode lasers, ACKNOWLEDGMENTS P This research has been supported by the National Sci- the dielectric constant as a consequence of the strain fields around the dislocations, which would support our present hypothesis.
As a final note, it should be mentioned that, since in some cases (as noted) parameter values for ZnSe were not available, known GaAs parameter values were used in order that our calculations could be performed.
D. Application of the linear electro-optic effect
In semiconductors (such as ZnSe) which are normally optically isotropic, the presence of an electric field induces biaxial birefringence which means that the refractive index in the direction of the field is unaltered while the refractive indices in the transverse directions are changed by L!M.'~ This is known as Pockels effect or the linear electro-optic effect and the magnitude of An can. be described by the function given by An(E) = % rE,
where n is the refractive index of the material (2.434 for ZnSe at 632.8 nm, r is the electro-optic coefficient (-2X 10m7 cm&V for ZnSe),26 and E is the magnitude of the electric field which, in this case, can range from 10 to 300 kVlcm as stated earlier.
Using the values above, An is found to range from -l.4x1o-5 to -4.3x10-4, which represents a significant perturbation of the refractive index local to the dislocation's core. Recalling that the field extends to approximately Xo (which is on the order of 100 A), a dislocation could be modeled as a filament with radius -ho and refractive index IE + An. A mass ensemble of such objects (i.e., the dislocation substructure) could then account for the observed scattering of laser light near the heterointerface as postulated earlier.
